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The major goal of studying farmworkers is to
better understand how their work environ-
ment, including exposure to pesticides, affects
their health. Our understanding of the health
effects associated with pesticide exposures is
formed by contributions from toxicology,
physiology, pharmacology, epidemiology, soci-
ological studies, and the emerging area of
“omics.” The purpose of this article is to exam-
ine the issues related to studying health effects
associated with chronic low-dose exposure to
pesticides particularly in the farmworker popu-
lation. We present a brief overview of the
range of health outcomes that have been asso-
ciated with pesticide exposure. Then the basic
tools of epidemiology and surveillance are dis-
cussed in the context of the farmworker popu-
lation. The limitations and information gaps
for conducting this research are described. We
present neurobehavioral health effects as one of
the best examples of an approach used to study
health outcomes in farmworkers and the
methodologic challenges of conducting these
assessments in field investigations. We con-
clude with a discussion of emerging techniques
that have the potential to improve our ability
to study and understand the relationship
between pesticide exposure and a variety of
health effects in this population.
Health Effects Associated
with Pesticide Exposure
Organophosphate pesticides have gained pop-
ularity worldwide in preference to organochlo-
rines, which are persistent and more damaging
to the environment (Jaga and Dharmani
2003). Organophosphates are associated with
well-known acute health problems such as
nausea, dizziness, vomiting, headaches,
abdominal pain, and skin and eye problems
(Ecobichon 1996). Some studies have also
indicated that pesticide exposure is associated
with chronic health problems or health symp-
toms such as respiratory problems, memory
disorders, dermatologic conditions, cancer,
depression, neurologic deficits, miscarriages,
and birth defects (Arcury et al. 2003; Cordes
and Rea 1988; Daniels et al. 1997; Das et al.
2001; Engel et al. 2000; Eskenazi et al. 1999;
Firestone et al. 2005; Garcia et al. 2003;
Moses 1989; O’Malley 1997; Schwartz et al.
1986; Stallones and Beseler 2002; Strong et al.
2004; Van Maele-Fabry 2003). Daniels et al.
(1997) provided a comprehensive review of
the epidemiologic studies of links between
pesticide exposure and cancer in children, but
these studies were not with farmworker chil-
dren, who may experience disproportionate
risk of exposure and who may be very under-
represented in cancer registries. Recent reviews
by Alavanja et al. (2004), Kamel and Hoppin
(2004), and Priyadarsi et al. (2000) have
examined the link between pesticide exposure
and neurologic outcomes and cancer, arguably
the two major end points examined in
organophosphate-exposed workers. In these
extensive reviews, the authors point out that
carcinogenicity and neurotoxicity reﬂect dif-
ferent mechanisms of toxicity that require dif-
ferent epidemiologic investigations to assess
the effects.
The review by Alavanja et al. (2004) sum-
marized studies examining the link between
pesticide exposure and cancer. Non-Hodgkin
lymphoma (NHL) has been one of the
most extensively studied cancers, with more
than 30 studies in the scientific literature.
Associations between NHL and exposures to
phenoxyacetic acid, organochlorine, and
organophosphate compounds have been
reported. Leukemia has also been studied
extensively, again with more than 30 studies
showing associations with insecticide and her-
bicide use. Similar associations have been
shown with prostate cancer, multiple myeloma,
and soft tissues sarcomas. There is less support-
ive literature of an association between pesti-
cides and other types of cancer, although there
is some literature of an association between
chlorinated compounds and breast and testicu-
lar cancer and Hodgkin disease.
In the review by Kamel and Hoppin
(2004) of the health effects of pesticide expo-
sure, the authors report that chronic pesticide
exposure is associated with a broad range of
nonspecific symptoms, including headache,
dizziness, fatigue, weakness, nausea, chest
tightness, difficulty in breathing, insomnia,
confusion, and difficulty concentrating.
Many of the studies indicate that pesticide
exposure is associated with deﬁcits in cogni-
tive function. There is also extensive literature
supporting the association of Parkinson’s dis-
ease and other neurologic diseases and pesti-
cide exposure. Kamel and Hoppin (2004)
point out studies to date have been unable to
identify specific associations between pesti-
cide exposure and Parkinson disease risk.
Occupational exposure to pesticides and
adverse reproductive effects have also been
reviewed (Hanke and Jurewicz 2004). Many
pesticides known to have reproductive effects
are no longer used in the United States, but
employment in agriculture appears to be asso-
ciated with speciﬁc morphologic abnormalities
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A major goal of studying farmworkers is to better understand how their work environment,
including exposure to pesticides, affects their health. Although a number of health conditions have
been associated with pesticide exposure, clear linkages have yet to be made between exposure and
health effects except in cases of acute pesticide exposure. In this article, we review the most com-
mon health end points that have been studied and describe the epidemiologic challenges encoun-
tered in studying these health effects of pesticides among farmworkers, including the difﬁculties in
accessing the population and challenges associated with obtaining health end point data. The
assessment of neurobehavioral health effects serves as one of the most common and best examples
of an approach used to study health outcomes in farmworkers and other populations exposed to
pesticides. We review the current limitations in neurobehavioral assessment and strategies to
improve these analytical methods. Emerging techniques to improve our assessment of health effects
associated with pesticide exposure are reviewed. These techniques, which in most cases have not
been applied to farmworker populations, hold promise in our ability to study and understand the
relationship between pesticide exposure and a variety of health effects in this population.
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ropathy, pesticides. Environ Health Perspect 114:953–960 (2006). doi:10.1289/ehp.8526 available
via http://dx.doi.org/ [Online 16 February 2006]in sperm, and studies suggest that parental
employment in agriculture could increase the
risk of congenital malformations in offspring,
particularly orofacial cleft, as well as muscu-
loskeletal and nervous system defects. The
authors also report that studies are unequivocal
on a relationship between occupational expo-
sure to pesticides and infertility. 
Epidemiologic Challenges in
Studying Health Outcomes in
Farmworker Populations
To develop effective studies of long-term
health outcomes in farmworkers and their
children, tools and techniques used for epi-
demiologic studies must be made to function
effectively. The basic components that are
necessary to effectively study the association
between pesticide exposure and health effects
are determination of the population at risk; a
valid determination of exposure; verification
of diagnosis, symptom, or biological marker of
a health effect among the populations being
studied; methods to link individual exposure
to health effects; and the ability to establish a
temporal relationship between the exposure
and the health effect. In attempts to study
farmworker populations, these tools are often
incomplete, dysfunctional, or nonexistent.
The number of total migrant and seasonal
farmworkers (denominator data) is not well
characterized (Villarejo 2003). Various methods
have been employed to estimate the size of the
farmworker population, and estimates range
from 2.5 to 5 million (Hansen 2003; National
Center for Farmworker Health 2004).
The difﬁculty of determining rates of pesti-
cide illness is exempliﬁed by the lack of ability
to estimate the number of cases of acute pesti-
cide illness. Although 30 states require report-
ing of occupational pesticide-related illnesses,
many cases are not reported (Calvert et al.
2003). Only 8 states have surveillance pro-
grams for these illnesses, and poison control
center data can also lead to underascertain-
ment. At this time only 5 states have legislation
requiring extensive reporting of pesticide use,
and 4 of these states require growers to report
pesticide use on crops. Data collected from
these pesticide use reporting programs include
product name, amount applied, location, and
crop type. Pesticide use reporting systems can
then be linked to episodes of pesticide illness,
but clinicians often are not aware when pesti-
cide illness reporting is required in their state
(Connan 1996).
Data sources on the health effects of pesti-
cides such as worker compensation (WC) sys-
tems and health insurance information
systems are generally inaccurate for farmwork-
ers. State WC systems, although required by
federal law to exist, differ from state to state,
and agriculture as an industry that is exempt in
many states. Even in states where agriculture is
not exempt, community clinicians may be
discouraged from ﬁling WC claims because of
the time required for completion of paper-
work and ﬁling. A farmworker, who may not
understand the WC system or his or her rights
in it, may not be in a position to protest when
claims are closed or are not ﬁled.
Health insurance information, a poten-
tially rich source of information for epidemio-
logic studies, functions poorly in this regard
because most farmworkers lack health insur-
ance. A study by the California Institute for
Rural Studies indicated that, based on a
health status study of 971 farmworkers and
their families, nearly 70% of subjects lacked
health insurance of any kind (Villarejo et al.
2000). The same study found that few work-
ers received routine medical or dental care
with or without insurance coverage.
An additional problem that limits the
ability to quantify health issues in farmwork-
ers is that Mexican farmworkers may return
to Mexico to receive health care. One study
found that families living along the border
with Mexico received half of their health care
in Mexico. This behavior took place regard-
less of insurance coverage (Seid et al. 2003).
Many Mexican migrants will spend portions
of the off season in Mexico and pursue health
care for chronic problems at that time, deny-
ing U.S. data systems information on these
conditions.
For farmworkers to be counted in the sys-
tems mentioned above as having pesticide-
related illness, clinicians must both diagnose
and report these illnesses. Most clinicians
receive little training in occupational and envi-
ronmental health (Graber et al. 1995; Schenk
1996). The National Strategies for Health
Care Providers, a working group organized by
the U.S. Environmental Protection Agency,
concluded that clinicians do not generally
receive speciﬁc training in diagnosing pesticide
poisonings or other pesticide-related health
effects (National Environmental Education
and Training Foundation 2002). One study
of Washington State clinicians demonstrated
that few appeared to be well versed in the
diagnosis or treatment of pesticide poisonings.
Even clinicians from agricultural areas on aver-
age could identify only 75% of pesticide
symptom questions correctly (Connan 1996).
The transient nature of farmwork may
have important implications with respect to
studies done using death certificates. Ample
literature exists demonstrating that the job
title listed on death certificates may inaccu-
rately portray the work experience of the
decedent (Olsen et al. 1990; Steenland and
Beaumont 1984). The information on the
certificate may be the most recent or most
prestigious job rather than the principal job.
Although a percentage of farmworkers may
spend their entire lives in farm work, many
will move from migrant or seasonal farm
work to higher-paying, less physically
demanding, and less mobile jobs as soon as
possible. As a result, death certificates may
not reﬂect the contribution of farm work to a
worker’s total work life.
Cohort and case–control studies. The abil-
ity to characterize long-term health outcomes,
exposure variables, and confounders and the
ability to follow subjects over time present
speciﬁc challenges in studies of chronic health
effects in farmworkers. Zahm and Blair
(1993), in discussing the feasibility of cancer
studies in this population, touched on many
of the obstacles facing epidemiologic research
in this realm. Subsequent work by these and
other investigators explored several interesting
approaches to several of these obstacles.
The mobility of the migrant and seasonal
farmworkers presents a signiﬁcant challenge to
investigations of long-term health effects
(Quandt et al. 2002). Establishing a true cohort
has been overcome by some through the use
of fixed housing opportunities such as the
Northern California Migrant Family Housing
Centers (McCurdy et al. 2002). Such fortu-
itous situations represent the exception rather
than the rule for migrant farmworkers. The
difﬁculty of such studies in these populations is
rarely described in the literature (Quandt et al.
2002 is an exception). Follow-up studies that
fail to achieve successful follow-up either
appear in publication as cross-sectional studies
or fail to appear at all. Publication bias toward
successful studies tends to weed out the reports
that would illustrate the difficulty of cohort
follow-up in any population. Information on
the difﬁculty of following migrant farmworker
populations no doubt suffers the same fate.
However, a pair of methodologic articles pro-
vides limited insight into the challenge of con-
ducting long-term follow-up in farmworkers.
In a study of Wisconsin workers, Nordstrom
et al. (2001) attempted to locate 100 randomly
selected farmworkers 10 years after their regis-
tration in a Wisconsin clinic. Only 6 of 100
could be located in Wisconsin, and the vital
status could be ascertained on only 56% of 46
subjects after a moderately intensive search in
the registered home-base state of subjects.
Cooper et al. (2001) had remarkable success in
relocating farmers enrolled in chronic disease
clinic studies in Starr County, Texas, with
90.8% of subjects relocated 10 years after
enrollment. These two follow-up studies may
demonstrate the difference in success because of
the start point for the follow-up search but, as
Zahm and Blair (2001) point out, are probably
a reﬂection of a variety of factors, including per-
manent residence, the quality of community
contact, and the presence of a long-standing
community-based research program.
There are currently several studies of
farmworker populations that are attempting
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childhood development and health outcomes
in this population. Researchers from the
University of California have established a
birth cohort and are following the children
longitudinally. Although the farmworker
population they are targeting is not as mobile
as all farmworkers, they have described the
extensive methodologic issues in accessing
and maintaining the cohort, including the
need for culturally appropriate assessment
tools and the use of community workers in
recruitment and maintenance of the study
sample (Eskenazi et al. 2005).
Workplace considerations. In the conduct
of studies on factors related to occupational
exposures, such as pesticide studies, the work-
place is often the best and most important
venue for data collection. However, studies of
farmworker populations rarely use the work-
site as the source for study recruitment
(Arcury et al. 2001; Eskenazi et al. 1999;
McCauley et al. 2001; Thompson et al.
2003). The migratory nature of farmworker
often precludes the possibility of conducting
traditional occupational health studies in agri-
cultural settings. The power differential
between employer and the nonunionized
farmworker (most farmworkers) plays an
important role in determining the feasibility
of worksite studies. Workers will rarely volun-
teer for a study if they perceive that such par-
ticipation threatens their jobs.
Language. Language preference among
affected populations can be a substantial bar-
rier to efﬁciently conducting population epi-
demiologic research on pesticide health effects.
In the United States, the large majority of
farmworkers are Spanish speaking, but increas-
ing numbers of workers do not speak Spanish
as their primary language. Farmworkers of
other nationalities are also being seen
McCauley et al. 2002; McDonald 2001). The
National Center for Farmworker Health
(2000) estimates that 84% of the migrant and
seasonal farmworker populations speak
Spanish as their primary language. A greater
challenge is the presence of predominantly
indigenous Mexican language speakers in the
migrant workforce. Villarejo (2003) found that
8% of California farmworkers studied reported
being of indigenous origin, and a small per-
centage spoke only indigenous languages.
McCauley et al. (2002) found that a surprising
36% of adolescent farmworker subjects in
Oregon spoke indigenous Mexican languages.
Of particular importance is that several of these
languages do not have a written form. Even
when workers speak Spanish, low literacy lim-
its a worker’s ability to respond to written
material and interferes with participation.
Thus, multiple factors, some unique to the
population and the work and others generaliz-
able to deﬁciencies in our national surveillance
systems, make study of health effects of
pesticides, long and short term, difficult in
farmworker populations. Hence, investigators
have designed studies addressing these difﬁcul-
ties and have identified health effects in this
population. Studies of neurobehavioral health
effects are excellent examples of strategies that
can be taken to conduct these studies.
Neurobehavioral Health Effects
Neurobehavioral performance batteries are a
well-recognized method of assessing potential
health effects associated with pesticide expo-
sure (Table 1), but the validity of the results
obtained from the testing is dependent upon
several laboratory quality-control concerns.
These laboratory quality-control concerns are
similar to and as crucial as the quality-control
issues in measuring exposure variables. Use of
these batteries with non-English–speaking
immigrant populations presents additional
challenges and could ultimately affect the
interpretation of the study results.
Laboratory capacity. Assessment of 
neurobehavioral performance requires speciﬁc
laboratory support and resources. Specific 
training is needed so that the tests are adminis-
tered in a standardized way to each participant.
The World Health Organization Neuro-
behavioral Core Test Battery (NCTB)
(Johnson et al. 1987) and the Adult Environ-
mental Neurobehavioral Test Battery (Anger
et al. 1994) rely on individually administered
tests and require extensive training of the exam-
iner to ensure standard administration across
participants. Computerized tests batteries such
as the Neurobehavioral Evaluation System
(Letz 1990), the Behavioral Assessment and
Research System (BARS) (Anger et al. 1996),
and the Swedish Performance Evaluation
System (Iregren et al. 1996) also require
examiner training.
During the actual data collection period,
quality-control checks are necessary to deter-
mine if the examiners follow the correct proto-
col as trained. A checklist that examines
whether the correct protocol is being followed,
forms are ﬁlled out correctly, and appropriate
interactions are occurring between the testers
and the study participants should be devel-
oped for each protocol and administered
periodically throughout the study.
The resources available to implement
neurobehavioral testing can also affect the
number of participants that can be assessed in
a study, a crucial factor of studies of farm-
workers. Noncomputerized or paper-and-pen-
cil tests can be administered only one-on-one
to study participants. Furthermore, at the end
of the study these data need to be manually
entered into a database. Computerized testing
allows the possibility of increasing the partici-
pant to examiner ratio. Ten adults with at
least some high school education can be tested
with only one examiner with the computer-
ized BARS (Anger 2003; Rohlman et al.
2003). However, when testing farmworkers
with < 6 years of education, it is possible to
test only up to four participants with one
examiner. With young children, a one-to-one
ratio is necessary to help maintain motivation
throughout data collection (Rohlman et al.
2001a). As children become older, their read-
ing ability improves and they have more
school and computer experience, so this ratio
may be increased.
Integrating neurobehavioral testing in the
design of farmworker studies. Neurobehavioral
outcome protocols typically study people at
one point in time in a cross-sectional design,
comparing the performance of exposed popu-
lations with either the performance of a con-
trol group or established normative data (e.g.,
Anger 1990; Anger et al. 1999). Finding a
Health outcomes
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Table 1. Neurobehavioral effects studied in organophosphate-exposed populations.
Study Population Country
Wesseling et al. 2002 Banana farmers (poisoned) Costa Rica
Cole et al. 1997 Farmers Ecuador
Farahat et al. 2003 Cotton farmers Egypt
Stephens et al. 1995 Sheep dippers England
Stephens et al. 1996 Sheep dippers England
Nishiwaki et al. 2001 Poisoning victims Japan
Yokoyama et al. 1998 Poisoning victims Japan
Rosenstock et al. 1991 Poisoning victims Nicaragua
Miranda et al. 2002 Poisoning victims Nicaragua
Bazylewicz-Walczak et al. 1999 Greenhouse workers Poland
London et al. 1997 Fruit farmers South Africa
Roldan-Tapia et al. 2005 Greenhouse workers Spain
Kamel et al. 2003 Fern, nursery, fruit farmers United States (Mexican immigrants)
Reidy et al. 1992 Farmers United States (immigrant workers)
Rohlman et al. 2001b Farmers United States (Mexican immigrants)
Fiedler et al. 1997 Fruit farmers United States
Savage et al. 1988 Poisoning victims United States
Steenland et al. 1984 Poisoning victims United States
Ruckart et al. 2004) Overexposed children United States
Korsak and Sato 1977 Farmers United States
Maizlish et al. 1987 Pest control workers United Statescomparable control group is essential for 
an accurate interpretation of these results
(e.g., Blair et al. 1996; Kelsey et al. 1986).
Demographic variables such as age, educa-
tion, and cultural background or ethnicity
influence performance on neurobehavioral
tests (Anger et al. 1997).
Years of education in one country may not
be equivalent to years of education in another
country (Puente 1990). A group’s familiarity
with testing protocols or computers can also
affect the validity of study ﬁndings.
There are several ways of handling these
variables. During recruitment it is important
to try to select groups that are comparable on
age, education level, gender and ethnic back-
ground, and computers and to control for
these variables in data analysis. Learning or
practice effects may also confound inter-
pretation of results. Studies that have assessed
participants more than once have found
improvements from the initial and subsequent
testing that makes the determination of the
effect of pesticide exposure alone very difﬁcult
(Bazylewicz-Walczak 1999; Daniell et al.
1992; Maizlish et al. 1987; Rohlman et al.
2001a). Strategies should be implemented to
ﬂatten the learning or practice effect before the
exposure. Rohlman et al. (2001b) has done
repeated testing of cognitive and motor per-
formance with migrant farmworker children
and found that there is significant practice
effect between the ﬁrst and second session but
minimal change between the second and third
session. Therefore, the use of the second pre-
exposure measure would appear to be a valid
baseline for comparison with performance
postexposure.
Across laboratory comparability. To build
the case that speciﬁc functions are affected by
pesticide exposure, it is important to have
converging evidence. Although doubt may
exist that it is possible to have reliable data
that can be compared across studies, evidence
suggests that such comparisons are possible.
Anger et al. (1993) studied performance 
on neurobehavioral batteries conducted in
10 countries from four continents using the
NCTB protocol. Although differences
emerged, they could be explained by educa-
tional differences in the populations. However,
performances on the six performance tests were
remarkably similar across the nine countries in
Europe, North America, and Asia that had
similar educational levels.
Consistent findings of deficits on similar
neuropsychological functions have been
shown in studies of the same chemical expo-
sure conducted by different investigators in
different countries, languages, and cultures
(Anger 1990, 2003). Most studies examining
neurobehavioral performance and pesticide
exposure have found that pesticide exposure is
associated with deﬁcits in cognitive and psy-
chomotor function [see Kamel and Hoppin
(2004) for a review]. However, an examina-
tion of the literature shows that some discrep-
ancies do exist, different tests were affected in
different studies, and in some cases no rela-
tionship between exposure and performance
deﬁcits was found.
These inconsistencies may be due to
methodologic differences or to differences in
exposure. Methodologic issues include the
different formats and protocol used to assess
neurobehavioral functioning in different popu-
lations. For example, 14 studies examining
pesticide exposure included a variant of the
digit span test (Table 2). Of these studies
comparing exposed populations (defined by
exposure or by occupational group), 4 showed
signiﬁcant deﬁcits between exposed and con-
trol populations, 4 showed decrements in per-
formance related to exposure, and 6 showed
no decrements in performance. The digit
span test demonstrates the difficulties when
variants of the same test are used in different
studies. The methodology used in this
research needs to be standardized. Similar
tests and protocols should be used to allow
comparisons across studies.
Another important factor in explaining
inconsistencies among studies is how expo-
sure is deﬁned (Alavanja et al. 2004). A range
of exposure metrics, including living in an
agricultural community (Cole et al. 1997),
working on a farm (Fiedler et al. 1997; Kamel
et al. 2003), specific job title (Bazylewicz-
Walczak et al. 1999; Farahat et al. 2003;
London et al. 1997; Roldan-Tapia et al.
2005), work history (Baldi et al. 2001), or
acute exposure history (Rosenstock et al.
1991; Savage et al. 1988; Wesseling et al.
2002) have been used. The link between these
classifications and actual exposure is often
unknown, and it is possible that the amount
of exposure in any given population varies
considerably. To date, there have been no
reports of an association between neuro-
psychological performance and any biological
marker of exposure; however, organophos-
phate pesticides have a short half-life, and it is
not likely that a short-term biomarker of
exposure would be correlated with a cumula-
tive effect on neurobehavioral performance.
Biomarkers of effects of more cumulative
exposures are needed.
Although there are many challenges in
studying the farmworker population, using
strict protocols, standardized measures, and
quality-control procedures can help strengthen
conclusions drawn from these studies and help
to develop converging evidence. Equally
important are the methods used for deﬁning
exposure. The variability in these methods can
lead to incorrect conclusions. New and emerg-
ing biological techniques are being developed
that will help identify exposed populations
and allow accurate conclusions to be drawn.
Needs and Emerging
Techniques in the Measure 
of Health End Points
The ability to conduct large epidemiologic
studies of health effects among the farm-
worker population is limited by access to
health care and the migrant nature of the
workforce. Markers of biological function
offer opportunities to assess health effects
among farmworker populations that are not
dependent on health surveys or access to
health records. Studies focusing on biologic
tissues and mechanisms of action and incor-
porating gene–environment interactions are
becoming increasingly more common.
The biomarker of a direct biological
action resulting from exposure to organo-
phosphate pesticides used most extensively
with farmworker populations has been
acetylcholinesterase (AChE) monitoring.
Screening for cholinesterase inhibition as a
result of exposure to organophosphate pesti-
cides is mandated in California pesticide
applicators and handlers; Washington State
has recently implemented comparable legisla-
tion. Examining cholinesterase inhibition as a
biomarker has advantages and disadvantages.
Depression in cholinesterase activity can be
observed at levels before clinical signs become
apparent, leading to the early recognition of
high-risk individuals and work operations
(Wessels et al. 2003). But interpretation of
AChE monitoring results is complicated by
inter- and intraindividual variation in enzy-
matic activity and confounding factors.
Exposure to large doses of organophosphate
pesticides is required for significant AChE
inhibition to occur, and therefore, it is more
appropriately used as an indicator of toxicity
at high exposure levels rather than low
McCauley et al.
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Table 2. Studies that have used variants of the digit
span test to assess pesticide exposure.
Study Method Outcome
Bazylewicz-Walczak  Polish NCTB –0
et al. 1999
Cole et al. 1997 NCTB ~
Farahat et al. 2003 Unknown +
Fiedler et al. 1997 WAIS-R –0
Kamel et al. 2003 BARS +
London et al. 1997 NCTB –0
Nishiwaki et al. 2001 NCTB ~
Reidy et al. 1992 WAIS-R ~
Rohlman et al. 2001b BARS +
Rosenstock et al. 1991 WAIS-R +
Stephens et al. 1995 Unknown –0
Stephens et al. 1996 NES –0
Wesseling et al. 2002 NCTB ~
Yokoyama et al. 1998 Japanese WAIS –0
Abbreviations and symbols: +, poorer performance in
exposed group; ~, nonsignificant trend observed with
poorer performance in exposed group; 0, no significant
difference between control and exposed groups; NES,
Neurobehavioral Evaluation System; WAIS-R, Weschler
Adult Intelligence Scale–Revised.exposure levels (He 1999). In population-
based studies, farmworkers have been found to
have lower levels of AChE activity compared
with individuals not employed in agriculture
(Ciesielski 1994). No study, however, has
reported a difference in family members of
agricultural workers compared with controls
even though urinary levels of pesticides and/or
metabolites have been found to be higher in
children of agricultural workers (Fenske et al.
2002; Loewenherz et al. 1997; Lu et al. 2001;
Mills and Zahm 2001). Although AChE
monitoring is invaluable in monitoring worker
populations at high risk for acute pesticide
exposure such as certiﬁed pesticide applicators
and handlers, it not useful in monitoring
health effects from low-dose chronic exposure
to organophosphate pesticides among the large
majority of farmworkers and their families.
New biological and genetic techniques are
being developed that somewhat overcome the
dependence on large study populations and
longitudinal study designs and hold promise
for studying health effects related to chronic
low-level exposure to pesticides. These new
techniques fall primarily into three areas:
markers of DNA and RNA damage or repair,
indicators of oxidative stress, and markers of
changes in gene expression related to exposure
to pesticides (Bolognesi 2003; Toraason et al.
2004). Many of these biomarkers are in a
developmental status, have not been used
extensively in agricultural populations, and
lack evidence of an association between the
biomarker and specific health outcomes.
Nevertheless, they provide potential to
increase our understanding of the biological
mechanisms associated with the health out-
comes that have been associated with pesti-
cide exposures in multiple epidemiologic
investigations.
Markers of DNA damage. Exposure to
pesticides has been associated with cancers,
degenerative neurologic diseases, and altered
immune response, but the mechanism of
action is unclear. Genotoxic potential is a pri-
mary risk factor for long-term health effects
such as cancer and reproductive health out-
comes (Bolognesi 2003) Hagmar et al. (2001)
reviewed the usefulness of cytogenetic bio-
markers as intermediate end points in carcino-
genesis and concluded that chromosomal
aberration (CA) frequency predicts overall
cancer risk in healthy subjects, but such asso-
ciations have not been found for sister-
chromatid exchanges and micronuclei (Mn).
Although the genotoxic potential of pesticides
is believed to be low, genotoxic monitoring in
farmworker populations could be a useful tool
to estimate genetic risk from exposure to com-
plex pesticide mixtures over extended lengths
of time. To date, genotoxic biomarker studies
of workers exposed to pesticides have focused
on cytogenetic end points, including CAs, Mn
frequency, and sister-chromatid exchanges. In
the last decade, single-cell gel electrophoresis
or the comet assay has been established as a
sensitive and rapid methods for the detection
of DNA single-strand breaks and incomplete
excision repair (Fairbain et al. 1995). These
biomarkers have been well developed with
high interlaboratory reliability, but they are
not speciﬁc to pesticide exposure and to date
have not been associated with a risk for
human cancers or other disease outcomes.
In a review of the literature of pesticide
exposure and DNA damage, Bolognesi
(2003) reported a positive association
between occupational exposure to complex
pesticide mixtures and the presence of CAs,
sister-chromatid exchanges, and Mn in most
of the studies, but a number of studies failed
to detect excess cytogenetic damage compared
with control populations. The conflicting
results from cytogenetic studies were attribu-
ted to the nature of the agricultural study
populations and the type of exposure to pesti-
cides. In general, data from one study in one
particular occupational setting cannot be used
to draw conclusions on genetic risk in another
occupational setting. However, most studies
on cytogenetic biomarkers in pesticide-
exposed workers have indicated some dose-
dependent effects, with increasing duration or
intensity of exposure. The type of exposure
can affect the results such as use versus
nonuse of personal protective equipment and
greenhouse workers versus open-ﬁeld workers
(Carbonell et al. 1993; Dulout et al. 1985;
Falck et al. 1999). Studies have indicated that
the persistence of chromosomal damage is
short-lived for acute exposure (Eastmond
2000), and that damage may drop during low
exposure periods for seasonal workers
(Scarpato et al. 1996). However, multiple
studies have indicated increased chromosomal
damage associated with years of agricultural
employment and year-round employment
(Bolognesi et al. 1993; Gomez-Arroyo et al.
1992; Scarpato et al. 1996). Many of these
new biomarkers will not provide a deﬁnitive
answer linking exposure to disease; however,
the use of these biomarkers could provide
additional information to the weight of evi-
dence that suggests a particular exposure is a
potential health risk (Toraason et al. 2004).
In some cases a speciﬁc genetic lesion that can
be identified in an exposed population may
be found, but this will not always be the case.
Markers of cellular reaction to pesticides.
The internal dose of a pesticide can be meas-
ured by concentration of the pesticide, its
metabolites, or its reaction products. Reaction
products (e.g., hemoglobin, albumin, and
DNA adducts) can be viewed as an early bio-
logical effects or reactions that could lead to a
potential health effect (Pirkle et al. 1995).
Adducts can also be considered biomarkers of
exposure (Costa 1996; Grissom 1995). These
biomarkers reﬂect the dose of a certain agent or
its metabolites that escapes detoxiﬁcation and
reaches its target protein or DNA. Adducts
may form between blood components and
toxicants such as pesticides when the toxicant
reacts with the nucleophilic centers of nucleic
acids (e.g., DNA) and proteins (e.g., hemo-
globin and albumin) (Needham and Sexton
2000). These biochemical modiﬁcations pre-
cede structural or functional damage.
Oxidative damage is thought to be an
important mechanism of damage for organo-
phosphate pesticides (Banerjee et al. 2001;
Halliwell 2002). Organophosphate pesticides
can generate reactive oxygen species and alter
cellular antioxidant systems (Bagchi et al.
1995; Delescluse et al. 2001; Flessel et al.
1993). Levels of products of oxidative damage
in urine reflect overall damage to all tissues
and organs in the body. More than 100 dif-
ferent oxidative modifications to DNA have
been described (Loft and Poulsen 2001), and
several DNA base oxidation products are
known to be mutagenic, including 8-oxo-7,8-
dihydro-2´-deoxyguanosine and thymine gly-
col (Halliwell 2002). The most studied and
most abundant is the C-8 hydroxylation of
the guanine base and glycol. Another poten-
tially important mechanism for DNA dam-
age, and ultimately cancer, is the generation
of reactive species through peroxidation of
lipids (Halliwell 2002; Marnett 2002).
Malondialdehyde, one of the most abundant
carbonyl products, can react with DNA to
form adducts with deoxyguanosine, deoxy-
adenosine, and deoxycytidine that are muta-
genic in bacterial and mammalian cells. As is
the case with most of these biological markers
of effect, speciﬁc oxidative modiﬁcations have
not been associated with specific organo-
phosphates and can be induced by multiple
agents. Nonetheless, they offer significant
potential in understanding the mechanism of
action of these toxicologic agents and to make
useful comparisons of exposure and potential
health effects among exposure groups.
Gene expression studies. The greatest
potential for new biomarkers of early effect lies
in toxicogenomics, a ﬁeld of study that exam-
ines how the entire genome responds to toxi-
cants or other hazards (Toraason et al. 2004).
The ability to monitor changes in gene expres-
sion as a result of environmental exposure
holds great promise in our understanding of
the effect of environmental toxicants on
human health. Ideally, gene expression studies
will allow scientists to identify changes in tran-
scription associated with exposure and subse-
quent risk of developing disease. Studies of the
reaction of genes to an exposure usually results
in thousands of genes showing altered expres-
sion patterns. Analysis of these changes in
expression requires sophisticated data analysis
Health outcomes
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These methods need to be developed before
markers of changes in gene expression can be
widely used in epidemiologic studies, but
studies have been reported. For example,
Infante-Rivard et al. (1999) conducted a
case–control study of childhood leukemia and
residential exposure to pesticides and exam-
ined gene–environment interactions, ﬁnding
increased interaction odds ratios among
carriers of the cytochrome P4501A1m1
(CYP1A1m1) and CYP1a1m2 mutations
when the mother during pregnancy or the
child had been exposed to certain indoor
insecticides. Longitudinal epidemiologic stud-
ies are needed to fully establish the predictive
value of a change in gene expression and sub-
sequent development of disease. Researchers
who gain access to farmworker populations
and who are able to follow them longitudi-
nally should be encourage to bank genetic
samples for future analyses as this area of sci-
ence becomes more developed. These proce-
dures would require that researchers be
sensitive to the ethical, social, and legal issues
related to obtaining genetic tissue for vulnera-
ble, minority populations.
Summary and
Recommendations
Although there has been signiﬁcant attention
to the health effects of pesticides on human
health, there has been little focus on the vul-
nerable farmworker population, and signifi-
cant methodologic barriers make these studies
extremely difﬁcult. The leading obstacles are
difficulties in establishing the population at
risk and access to health information. The
work environment contributes to the difﬁculty
in ascertaining health status and their associa-
tion with pesticide exposure. Improvements
are needed in our ability to conduct surveil-
lance of pesticide-related illnesses and worker
compensation cases in this population.
Language and education barriers contribute to
this problem.
Neurobehavioral performance is the
human health effect that has been most fre-
quently identified after chronic organophos-
phate exposure. Although the measurement of
neurobehavioral performance in non-English-
speaking populations with limited education
requires highly specialized techniques, the evi-
dence to date points to a trend of decreased
performance among farmworkers. Research
on the risk of decreased performance among
children of farmworkers is meager.
Emerging techniques in the development
and use of biomarkers of health effects hold
promise for improving our ability to study the
effect of pesticide exposure in this population.
These techniques include biomarkers of
the biological action of the pesticide, markers
of DNA and RNA damage or repair, and
markers of changes in gene expression related
to exposure to pesticides. Research is needed
to improve our methods of exposure assess-
ment and to establish the validity and reliabil-
ity of these biological markers as predictors of
subsequent health outcomes.
Recommendations 
for Future Research
There is a critical need to link studies of expo-
sure to pesticides to investigations of potential
health effects. The barriers to studying health
effects in this population have contributed to
this lack of new knowledge regarding the
health risks associated with pesticide expo-
sure. Given the significant issues related to
lack of national surveillance systems to cap-
ture the health status of farmworkers and dis-
parities related to access to care, investigators
should be encouraged to include biomarkers
of health effects in their study designs. These
studies are critical among occupational popu-
lations, but the children of farmworkers may
be particularly vulnerable to the biological
effects of pesticides.
Many studies of farmworkers suffer from
small sample sizes. Researchers are encour-
aged to clearly define methods of assessing
exposures and health effects in their research
publications to allow comparisons to be made
across studies and to conduct meta-analyses of
similar studies.
Neurobehavioral testing remains an
important measure to include in studies of
farmworker populations. Large numbers of
farmworkers and nonagricultural control
groups need to be tested to provide normative
values on the most common tests that are
used in neurobehavioral testing. A meta-
analysis of studies across geographic areas and
among different exposure and age groups
could provide signiﬁcant evidence of the risk
of neurobehavioral deficits among pesticide
exposed populations.
Although maintaining study cohorts is a
challenge, studies are needed that improve
our ability to track this population over time.
This is especially critical in assessing the
impact of chronic low-dose exposure to pesti-
cides and effects on neurobehavioral perfor-
mance in younger populations. More birth
cohorts of farmworker children need to be
established. Strategies that have been used by
investigators in Texas and California should
be replicated.
In the future an increasing number of bio-
markers will be available to assess both expo-
sure and biological effects such as DNA
damage, oxidative stress, and other biological
mechanisms. These techniques coupled with
measures of genetic susceptibility will improve
our ability to characterize individual risk and
to identify the more vulnerable members of
the population. Effective communication will
be needed to explain these tests to farmworker
population and to provide appropriate risk
communication. Given the challenges inher-
ent in designing studies of the farmworker
population, effective communication back to
the farmworkers will increase future partici-
pation in research and optimally improve
worker health.
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